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ABSTRACT
This study consisted of the determination of the kinds and numbers
of anaerobic and facultatively anaerobic microorganisms that could be
isolated from water-logged Crowley silt loam soil and the evaluation of
these microorganisms for nitrate and nitrite reduction and denitrifica
tion.

A medium was selected which showed development of the highest

numbers of colony types when compared with inoculated plates of the
other media.

Glycerol-nitrate medium with 0.17. yeast extract and 0.4

p.p.m. of molybdenum was selected from ten different kinds of media
tested.

All media were inoculated with 1 ml. of a highly reduced

1::1 soil-water suspension of Crowley silt loam soil that had an oxidation-reduction potential of approximately -200 millivolts.
All colonies showing visual differences were isolated.

The orga

nisms in 50 apparently different colony types were isolated in pure cul
ture and screened for nitrate- and nitrite-reducing capacity.

Twenty-

six isolates were found to reduce nitrate and twenty-one of the nitrate
reducers also reduced nitrites.

The rate at which specific microorganisms

reduced nitrate and nitrite nitrogen was determined and the concentrations
of gaseous nitrogen products of denitrification were measured in a mass
spectrometer.
Several isolates of the genera Micrococcus. Bacillus. and Arthrobacter reduced 410 p.p.m. of nitrate nitrogen in a glycerol-yeast extract
medium within three to five days.

Nitrate was converted to nitrite by
vi

all of the nitrate-reducing bacteria isolated.

In some cultures high

nitrite concentrations were apparently toxic to the microorganisms,
since further nitrate reduction was inhibited.

Other isolates capable

of rapid nitrate reduction, particularly Bacillus polymyxa. reduced
nitrite nitrogen rapidly enough to prevent accumulation of nitrite in
the medium.

The accumulation of a high concentration of nitrite in

cultures of Arthrobacter simplex did not inhibit nitrite reduction by
this strain.
Gas was not evolved from nine isolates when the glycerol-nitrate
culture medium was used.

Evolution of gas in the glycerol-nitrate

medium occurred when the yeast extract content of the medium was increas
ed to 17..

Gas evolution also occurred in trypticase soy-nitrate broth

and in a medium containing 1.57. glycerol and 0.27. yeast extract.

Trypti

case soy-nitrate broth was generally the medium in which the most gas
was evolved.

When cultured in various media some of the isolates showed

visible gas accumulation in only one medium.

The gas produced by isolate

31, a species of the genus Bacillus, contained 977. molecular nitrogen
and 0.97. nitrous oxide.

Other species of the genus Bacillus evolved

gases which contained from 21 to 687. molecular nitrogen.

Gases collected

from cultures of Bacillus polymyxa contained from 21 to 48.5% molecular
nitrogen.
Techniques were developed for screening large numbers of isolates
for nitrate and nitrite-reduction capacity and a simple and effective
technique for collecting gas samples for analysis in a mass spectrometer
was developed during this study.

Direct enumeration of the potential

denitrifying and nitrate-reducing population was accomplished by using
colony type descriptions.

It is evident from the numbers of the rapid nitrate reducers
the soil and the high concentrations of nitrogen gas evolved from
Bacillus polymyxa and other species of the genus Bacillus. that
denitrification is important in the nitrogen economy of Crowley
silt loam soil.

INTRODUCTION
There is ample evidence that denitrification occurs in flooded and
well-drained soils in the field as well as under certain conditions
artificially induced in the laboratory.

Russell (51) and others (3)

(18) suggested that denitrification was a major source of nitrogen loss
from soils.

The microbiological reduction of nitrate nitrogen and the

resulting loss by volatilization of gaseous nitrogen products is
undoubtedly important in soils flooded for rice production and in soils
temporarily wet after periods of good aeration.
Nitrogen may also be removed from crop use by volatilization as
ammonia (66) and by the reactions of nitrous acid with amino acids or
ammonium salts, although the reaction of amino acids with nitrous acid
and ammonia is probably of little significance (1).

Denitrification,

plant and microbial assimilation, and leaching account for most of the
loss of nitrogen from soils.

The nitrogen assimilated by crops and

microorganisms can be brought back into the organic nitrogen reserve of
the soil (51).

Yamane (69), citing Shiolri (54), stated that about 407.

of the ammonia (in ammonium sulfate) applied to rice is utilized by the
crop.

Some of this inefficient use of nitrogen has been shown to be due

to denitrification (69).

Anderson (5) stated that Increases in rice

yields from nitrogen fertilizers seldom exceeded 30Z in the United States.
Prior to this study several microorganisms which reduce nitrate
nitrogen were Isolated from flooded Crowley silt loam, a soil used for
rice production in Louisiana.

This study was initiated to determine
1
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the kinds of nitrate reducing microorganisms present in Crowley silt
loam, the rates at which specific microorganisms reduced nitrate nitro
gen and the resulting gaseous nitrogen products of denitrification.
Three main objectives served as guidelines during the course of the
experiments:
(1)

To plate out and estimate the numbers of anaerobic
and facultatively anaerobic microorganisms in the
soil and to determine the numbers of nitrate reducers
and denitrifiers.

(2)

To screen all distinct colony types for nitrate and
nitrite reduction and to describe and identify each
microorganism active in dissimilatory transformations
of nitrate and nitrite nitrogen.

(3)

To determine the concentrations of gaseous nitrogen
products from each active denitrifyer, and to deter
mine nitrate disappearance, appearance of nitrite and
disappearance of nitrite under anaerobic conditions.

REVIEW OF LITERATURE
Historical references are included in this review of literature
for logical presentation of the subject.

However, articles by Kluyver

(35), Verhoeven (63), Delwiche (19), Najjar and Chung (41) collectively
cover the literature on biological nitrate reduction and denitrification
up to 1955.
Nason and Takahashl (43) reviewed some important publications from
1955 to 1958.

Skyring and Callow (57) reviewed some of the recent pub

lications concerning nitrification and denltrlficatlon.

This review

emphasizes the important contributions to the knowledge of nitrate
reduction and denitrification from 1958 through 1963.
According to Kluyver (34), the first to have clearly described
denitrification were two French investigators, Gayon and Dupetit (26),
in 1886.

They reported on nitrogen losses in soil and water and established

that these losses were due to bacterial conversion of nitrate nitrogen to
nitrogen gas; in some cases nitrous oxide was formed.

These two men were

the first to postulate that bacteria were capable of using nitrate oxygen
Instead of free oxygen in the oxidation of organic substrates, and they
Introduced the term "denitrification."

From their experiments they also

learned that in some Instances the conversion of nitrate nitrogen pro
ceeded to nitrite only, but often, nitrates were converted to ammonia.
Others prior to Gayon and Dupetit made observations and postulated con
cerning nitrogen losses but the French investigators were the first to
offer evidence through experimental data.
3
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Kluyver (34) described three types of nitrate reduction:
(1) assimilatory nitrate-reduction
(2) incidental nitrate reduction
(3)

true dissimilatory nitrate reduction (denitrification).

In assimilatory nitrate reduction, nitrate nitrogen is reduced to
anmonia and is incorporated into amino acids.

Some microorganisms use

nitrate nitrogen as a non-essential, alternate, electron acceptor and
this type of reduction is termed "incidental nitrate reduction."
Kluyver (34) considered this type of nitrate reduction to be unnecessary
for cellular activity and since all microorganisms cannot carry out this
reaction it serves as a basis for differentiation of species.

True

dissimilatory nitrate reduction, denitrification, is essential for
anaerobic profileration of some bacteria, and when oxygen is not
available for anaerobic proliferation of some bacteria, nitrate replaces
it as an electron (hydrogen) acceptor.

In the process of denltrifica-

tionnitrates are reduced ultimately to nitrogen gas or nitrous oxide
and the products are excreted into the medium.

Fewson and Nicholas (24)

believed that no distinction could be made between "true" and "inciden
tal" dissimilation and grouped both together as nitrate dissimilation
or respiration.
Nason and Takahashi (43), citing Sato stated that true dissimila
tory nitrate-reduction, denitrification, has been correctly called
"nitrate respiration," since it closely resembles aerobic respiration.
Nitrate respiration bears a qualitative and sometimes a quantitative rela
tionship with oxygen respiration according to the following equations: (62)
C6H12°6 + 6 °2 — ^ 6 C02 + 6 H20
5 C6H12°6 + 24

30 c02 + 12 N 2 + 24 KOH + 18 H20
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According to Verhoeven (63), protein is the end product in nitrate
assimilation and in incidental nitrate reduction the product is mostly
nitrite (NO2) and under some conditions ammonia (NH3) and possibly pro
tein.

True dissimilatory nitrate reduction by non-sporeformers

(Micrococcus spp. and Pseudomonas spp.) results in nitrogen gas (N2),
nitrous oxide O ^ O ) » and protein, while in denitrification by spore
formers (Bacillus spp.) nitrogen gas (N2), nitrous oxide (N2O), ammonia
(NH^), and protein are formed.

In the presence of moderate aeration

ammonia (NHj) and protein are formed; under excess aeration, protein
is the only end product.
Distribution of Denitrifying Microorganisms
There seems to be an almost universal distribution of organisms in
soil and water that are capable of denitrification (19).

Sreenivasan and

Venkataraman (60) identified 20 of 32 "denitrifying" isolates from sea
water off the South Indian Coast as Pseudomonas spp. and Sreenivasan (59)
found 37 out of 424 cultures from sea water and other marine material
capable of denitrification.
The numbers and the nitrate-reducing rates of the flora capable of
denitrification should determine the maximum loss of gaseous nitrogen
from soils, however, there is little experimental evidence to Indicate
this (62).

According to Alexander (1),arable soils often show plate

counts of over one million denitrifying organisms per gram of soil,
especially near the roots of plants.

The denitrifying potential is

extremely high in these arable soils, but conditions must be anaerobic
for this enormous potential to be realised (61).

Some soils, e.g.,

Dunkirk silt loam, have been found to contain very few, if any, micro
organisms capable of denitrification.(61)
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Chemical and Physical Factors Affecting Denitrification
Delwiche (19) and Skyring and Callow(57) listed some important
factors which affect denitrification.
pH, temperature and moisture.

Among those mentioned were oxygen,

Other factors affecting denitrification

are energy and nitrate supply and the microbiological population.
Wijler and Delwiche (65) stated that oxygen concentrations of from
1 to 47. suppressed denitrification as much as 90%.

Patrick and Stur

gis (48) found that conditions which bring about anaerobiosis in the
soil Increased denitrification possibilities, e.g., flooding of rice
fields and excessive rainfall.

According to Parr (46), aerobic biologi

cal activity did not decrease appreciably until the oxygen concentration
was less than 57., and some soil microorganisms continued aerobic acti
vity until the oxygen concentration was less than 17..
McGarity et. al (38), using labeled nitrogen (N^) and the mass
spectrometer for gas analysis, showed 40-607. losses of nitrate nitrogen
in Palouse silt loam incubated anaerobically and small (4-5%) losses
under aerobic conditions.

Federov and Sergeeva (22) gave the following

results from their experiments: Under anaerobic conditions PseudomonaB
flourescens and Ps. pyocyanea utilized oxygen and nitrate simultaneously
and the higher the concentration of oxygen, the less nitrate used as
hydrogen (electron) acceptor.

These workers stated that nitrate was

used at oxygen partial pressures of 600 mm of mercury, but was respon
sible for only one-fourth of the total acceptance of electrons from
the donor, and well aerated cultures showed some denitrification.

Carter

and Allison (14) showed that denitrification in soil was negligible if
the soil was well aerated and large quantities of readily available
organic matter were not added.

Their results also showed that losses of

7
nitrogen gas from aerated soil were not significant statistically.

One

7. wheat straw and 1% potassium nitrate resulted in no significant deni
trification.

Carter and Allison also pointed out that in fields follow

ing heavy rains on medium and heavy soil types, nitrogen gas losses
could occur when nitrate nitrogen was present.
Broadbent and Stojanovic (9) obtained data to indicate that deni
trification in soil is inversely proportional to the partial pressure
of oxygen, but they found considerable nitrogen losses under aerated
conditions.

Slight losses of nitrogen gas occurred at 19% oxygen concen

tration but most of the loss occurred below 5% oxygen concentration.
Skerman and MacRae (56) found that no reduction of nitrate occurred
when oxygen was present even at low concentrations.

They stated that

reduction of nitrate occurred only when oxygen was insufficient to meet
the demand as an electron acceptor, e.g., in rapidly proliferating
cultures.
Skerman and MacRae (55) reported that nitratase formation ceased
when adequate oxygen is available, but when formed this enzyme was not
affected by the presence of oxygen.

They found the p02 to be the cri

tical factor in production of nitratase and not merely the availability
or presence of oxygen.
Wheatland et al. (64) concluded that denitrification in rivers and
estuaries starts when the oxygen is below 57* and that nitrification
proceeds when the supply of oxygen is above 5%.

This conclusion was

qualified to include only waters of relatively high temperature and in
low fresh-water flow.

These same investigators observed that reduction

of nitrate to nitrite was less affected by dissolved oxygen than subse
quent processes of denitrification, and that organic matter seemed to
influence the concentration at which oxygen interfered with reduction to
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nitrogen gas.

High organic matter content allowed denitrifying and

microorganisms other than denitrifyers to grow and rapidly consume the
available oxygen supply.

Energy would also be available for the deni

trifying population after the oxygen level was reduced to a critical
level.
From the available information it appears that oxygen limits deni
trification although a few investigators have reported that aerated soil
showed denitrification.

These conflicts appear to be due to differences

in methods, especially in those of aeration (49).

Since oxygen diffuses

extremely slowly into water from the gaseous phase (39) and the maximum
concentration obtainable by aeration with 20% oxygen is about 8 p.p.m.
rapidly growing cultures quickly deplete oxygen and denitrification may
occur.
All denitrifying microorganisms that have been isolated thus far
have proven to be facultatively anaerobic (8), and only bacteria are
implicated in true dissimilatory nitrate reduction (1).
Denitrifying bacteria were more sensitive to pH than nondenitrifyers
and acid soils contain sparse populations of microorganisms capable of
true dissimilatory nitrate reduction (1),
rate and magnitude of denitrification.

Soil pH also governed the

The optlmun pH varied with the

nitrate or nitrite concentration, age of culture, and organic matter
content (19).
Bremmner and Shaw (8) reported that at pH 4.8 and below, denltrification was very slow but increased until a pH of 8 to 8.6 was reached.
They found denitrification to be rapid at a pH of from 8 to 8 .6. Nommik
(44) collected data which showed the optlmun pH for denitrification was
from pH 7 to 8 . He also reported that at pH 5.0 denitrification was
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extremely slow and ceased at pH values above 10.5.

Lowensteln, et al.

(36) traced gaseous nitrogen loss from fallow soils for eleven months
after applying fertilizers.

They found 357. of the fertilizer nitrogen

was lost from soils with pH values of 5.5 and 72% of the nitrogen was
lost from soils of pH 6.5.
Nommik (44) found soil pH to increase by 0.3 to 0.5 unit during
denitrification, and the buffering capacity of the medium or soil
exerted a strong influence on nitrate reduction and growth.

The pH of

the medium also markedly affected the kinds and proportions of the gaseous
products during denitrification.

Nitrous oxide (N2O) accounted for more

than half of the nitrogen gases evolved from acid environments and nitric
oxide (NO) was producted in significant quantity only at low pH values.
At a neutral or slightly acid reaction nitrous oxide (^0) was produced
first but was quickly further reduced to nitrogen gas and at pH values
above 6 , nitrogen gas predominated.
Alexander (1) stated that differences in gaseous evolution percent
ages were pH dependent, and probably due to the acid sensitivity of the
enzyme systems involved, e.g., as in the reduction of nitrous oxide.

At

high ratios of nitrate to energy source, nitrous oxide accumulated but
when the electron donor source was increased, nitrous oxide was reduced
to nitrogen gas.
Valera (62) found optimum pH values for denitrification to be from
6 to 8 . Also, Valera and Alexander (61) later reported that field plots

with pH values above 6 contained high proportionsof denitrifying bac
teria (up to one-third of the total population).

Numbers of denitri

fying bacteria were positively correlated with pH, and were more pH
sensitive than non-denitrifying flora.

In well-drained soils denitri

fication was correlated with moisture content.

At moisture levels of
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sixty 7. of field capacity or below, losses did not occur even with large
qualitites of nitrate, carbohydrate supply and favorable pH.

Above

sixty 7. of field capacity denitrification rates are related directly to
moisture, since oxygen has a very low coefficient of diffusion in water.
Cady (13) took exception with the above view in that he stated
moisture percentages above the moisture equivalent had an effect other
than on oxygen diffusion.

He found by using

that the sequence and

rate of gases formed during denitrification was affected by moisture
content of the soil, and the higher moisture levels gave greater rates
of production of nitrogen gas.

Moraghan (39) pointed out that the high

solubility of nitrous oxide may have been involved in Cady's findings.
When moisture was at a high level more nitrous oxide was dissolved and
it was then usable by microorganisms.

Nommik (44) also stated that

failure to account for the high solubility of nitrous oxide gave erro
neous results in work with the mass spectrometer.

Nitrous oxide is

very soluble in water and the Henry's-Law Constant is 0.210 x 10^ at
30° C (56).
Nommik (44) found the optimum temperature of the soil for denitrlfication to be 65° C.

Even at 10° G, however, denitrification caused

significant loss of nitrogen (2) and from 25 to 60° C. denitrification
was rapid with little change in rate.

Very small losses from denitrifi

cation occurred at 2° C. but increased temperatures up to 25° C. and
above speeded up the reaction very markedly.

Lowering the temperature

reduced denltrifftation; e.g., a 10° C. drop in temperature, from 30 to
20° C., reduced denltrlflcation 2 fold (17).
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Redox Potential and Denitrlfleation
Kefauver and Allison (31) stated that the redox potential was not
a factor which controls the reduction of nitrate, however, a denitrify
ing organism Bacterium denitrlfleans secreted redox-lowering substances
into the medium.

Denitrifying cultures in nitrate media did not lower

the radox potential below +70 to -80 m.v.

Patrick (47), working with

controlled redox potentials, showed that nitrate reduction rates in
submerged soils were dependent on the redox potential, and as the redox
potential dropped, more nitrate nitrogen was reduced.
shown to be unstable at 338 m.v. at pH 3.1.

Nitrate was

Above 338 m.v. nitrate

accumulated and below 338 m.v. nitrate nitrogen disappeared.

In a

1:1 soil suspension (2:1 dilution) of Crowley silt loam, as the redox
potential dropped from +500 to -100 m.v. the pH increased from 4.6 to
7.0.
Sequence of Gases
Valera (62), citing Verhoeven, stated that moderate aeration
caused denitrifying strains of the genus Bacillus to reduce approximately
907. of the nitrate nitrogen present in the medium to NH^ instead of ^ 0
or N 2 gases.
Arnold (6) found soils approaching saturation released large
amounts of N^O and at low moisture very slow evolution of nitrous oxide
occurred.

Jones (30) reported that under strictly anaerobic conditions

nitrogen gas may be the only gas produced, and Duby (20) found that
waterlogged conditions produced nitrous oxide gas only.

Cftdy and

Bartholomew (11) showed that under anaerobic conditions nitrous oxide
was reduced to nitrogen gas after the partial pressure of oxygen dropped
to zero.

They stated that 827. of the N ^ was converted to nitrous oxide
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after 600 hours and 897. of the N ^ was found as labeled nitrogen gas
after 670 hours.

Less nitrate nitrogen was used at high levels of

oxygen (7-8%) than at low levels (17.).

Oxygen, when present, was

utilized along with nitrate In supplying the demand for electron
acceptors, since tagged nitrogen appeared In the nitrogen gases formed
and oxygen was consumed during gas formation.

Oxygen consumption was

shown to be continuous during denitrification by measurement of the
oxygen partial pressure.

That oxygen Is the preferred electron acceptor

was also shown by Kefauver and Allison (31) and they also stated that
oxygen was a non-competitive inhibitor of nitrite reduction.

Using

it was shown that the first gas to appear in denitrification was nitric
oxide (NO); some ammonia appears if oxygen is present (12).

However,

the labeled nitric oxide formed accounted for less than 57* of the
added labeled nitrogen.

These same investigators (12) added that the

presence of nitric oxide in the gaseous phase was closely associated with
the presence of the NO2 in the soil.

The nitric oxide was presumed to

have arisen from the decomposition of nitrous acid under acid conditions.
Nitrous oxide appeared after nitric oxide, and as nitrous oxide disap
peared nitrogen gas gradually appeared.

Labeled nitrogen gas accounted

for 83 to 957* of the added labeled nitrogen.

It has also been postu

lated by Cady (13) that nitric oxide disappearance from the gaseous
phase signified reduction of nitrite to nitrous oxide so rapidly that
nitric oxide ceased to accumulate in detectable amounts.

He further

stated that, quite possibly, any intermediates between nitrite and
nitrous oxide were transitory and did not accumulate and that nitrous
oxide was reduced when it was the sole electron acceptor.
Using gas chromatographic techniques, Cooper and Smith (17) found
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the sequence of products formed during denitrification to be:
NOrj

NO^

r

N 2O — v N 2 in all soils examined.

Others (16) have

found that nitric oxide accumulated during anaerobic growth of Pseu
domonas stutzeri in nitrate and nitrite media.
Using mass spectrometry and infrared techniques, the influence of
different nitrogen carriers was investigated by Schwartzbeck (53).

It

was found that ammonium nitrate favored nitrous oxide evolution, nitric
acid favored nitrogen gas evolution and ammonium cloride or urea produced
only minute quantitites of nitrogen gas or nitrous oxide.

In these experi

ments, soil type also seemed to Influence the amount and kinds of gases
formed during denitrification.

Again, gases were evolved mainly when

soils were saturated with water and little gas production was noted at
field capacity.

Large applications of nitrogen (1080 pounds per acre)

gave more gas production than 300 pounds per acre of nitrogen; the
percentage of gas to nitrogen applied was about the same in either case.
Najjar and Allen (42), using cell-free extracts of Bacillus subtilis
thermophilic strain 115 from soil, and Pseudomonas stutzeri. found that
they reduced nitrites to nitric oxide, nitrous oxide, and nitrogen gas.
Pseudomonas stutzeri produce nitrogen gas primarily and Bacillus subtilus
produced nitrous oxide and nitrogen gas; both produced some nitric oxide.
Pseudomonas stutzeri produced no nitrous oxide.
Sacks and Barker (52) found that nitrous oxide did not always occur
during denitrification and that it was not an obligatory Intermediate in
the reduction of nitrite to nitrogen gas.

Resting cells of Pseudomonas

stutzeri reduced nitrous oxide to nitrogen gas but with an observed lag
period.

Sacks and Barker (52) suggested two reasons why nitrous oxide

was not a normal intermediate:
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(1)

Nitrous oxide utilization was blocked by azide or DNP
but nitrogen gas was formed from nitrite.

(2)

A lag period preceded nitrous oxide utilization by
resting cells and therefore nitrite could be reduced
to nitrogen gas while nitrous oxide was not reduced to
nitrogen gas.

Kluyver and Verhoeven (32) reported that nitrous oxide was a normal
intermediate in denitrification and that it was generally produced by
denitrifying bacteria.

Pseudomonas aeruginosa and Micrococcus denitri-

ficans showed adaptation to nitrous oxide as an electron acceptor.

The

same two organisms have been shown to utilize nitrous oxide by others (2).
Before 1926, nitrate reduction was thought to involve liberation of
oxygen from nitrate (2), but this postulate has been replaced by the
idea that nitrate is an electron acceptor in enzymatic dehydrogenation
of organic or inorganic substrates.
Non-Enzymatic Nitrate Reduction
Reduced diphosphopyridine nucleotide (DPNH) and ascorbate reduced
nitrite under anaerobic conditions with the production of gases (21).
When ascorbate was used as the hydrogen donor, 887. nitric oxide, 37.
nitrous oxide, and 97. nitrogen gas was formed and DPNH produced 757.
nitric oxide, 10% nitrous oxide and 15% nitrogen gas.

Reactions of

ascorbate with nitrite occurred at pH 6.0 and the rate increased rapidly
as the pH was lowered.
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Evaluation of DenitrIfleatIon In Soils
Allison (3) stated that:

"An accurate nitrogen balance for a field

soil can seldom be made," and for accurate values of gains and losses of
nitrogen it becomes necessary to use laboratory techniques which do not
resemble actual field conditions (27)*

Methods are needed for studying

the gaseous products of denitrification in the field.

Direct measurement

in a closed system is necessary for recovery of reduced nitrate, and
artificial conditions are required for critical study of biological path
ways.

A closed system may not be applicable to field conditions, and

usually laboratory denitrification experiments indicate more denitri
fication than do field trials.

Competition between crops and micro

organisms is difficult to evaluate in the laboratory, but if nitrogen
balances can be determined in the laboratory with all forms of nitrogen
accounted for through direct measurement, then application to field
conditions may be possible.

As of now, laboratory studies can be used

to explain and verify results from field trials.

According to Bremner

and Shaw (8) higher rates of nitrogen than usually employed in the field
must be used in the laboratory to obtain accurate results with pure
cultures unless

is used.

According to Bremner and Shaw (37) sto

rage of air dry soil samples containing denitrifying organisms will not
affect their viability, however, freezing of samples prior to use will
increase denitrification rates and is therefore not suitable for pre
serving denitrifying activity during storage (37).
Influence of Rhizosphere on Denitrification
In sods, living roots have been shown to increase denitrification
by causing microorganisms to consume oxygen during their breakdown of
root exudates (68).

Sod crops Increased nitrate reduction by species of
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the genus Bacillus, namely ]J. llchenlformis. B. cereus. B. coagulans and
other species*

Living roots also were shown to utilize 65% of the avail

able oxygen in the vicinity of the roots and 357* of the oxygen was used
by microorganisms (67).

Secretions from roots were used by Pseudomonas,

Achromobacter* and Bacillus macerans* but not by the denitrifying bac
teria present in the soil tested.

It was condluded that the only direct

role played by roots in denitrification is in the use of part of the avail*
able oxygen supply (65%), and in an indirect manner by supplying an
energy source for microorganisms which use up more oxygen, since addi
tional energy source is available.
Alexander (1) suggested that on the basis of current knowledge
the following biochemical mechanism seemed to be the most likely path
way of nitrate reduction and denitrification:
+4H
2 NH2OH ------ -2 H20

NHo

+4H
hydroxylamine
+4H
2 HNO 3
-21^0

+4H

HON = NOH
-2 1^0
hyponitrite
+2H

nitrate

nitrite
-H2°

N20

\ - 2 H 20
+2H

" h 2o

n2

Nutrition of Denitryfying Bacteria
Valera (62) points out that the spore forming denitrlfyers require
more nitrogen in the organic form than do the pseudoroonads.

Roa (49)

obtained maximum gas production during denltrlficatlon using up to 1000
p.p.m. of yeast extract.

The amount of N2 gas produced during denitrlfi*
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cation was directly related to the concentration of yeast extract in
the medium.

No gas was produced when yeast extract was omitted.

Yeast

extract varies in composition,but a typical analysis is shown in the
Appendix.

Valera (62) stated that:

"Giltay's medium seems inadequate

for most denitrifying Bacillus strains."

The use of glycerol as a

carbon substrate was found superior to several other sources.
Valera and Alexander (61) added 500 p.p.m. of (NH^)2SO4 to media
devised for denitrifyers, since they found some denitrifying isolates
use nitrate nitrogen as electron acceptor but not as a nitrogen source.
Allen and van Neil (2) stated that according to van Iterson (29), aro
matic acids are unsuitable as a carbon source for denitrifying bacteria.
Chang and Morris (15) stated that ammonium ions inhibited nitrate reduc
tion and conversion of nitrate into cell protein in Pseudomonas
flourescens and Pseudomonas denitrifleans.

It was shown by Fewsom and

Nicholas (24) that Mo and cytochrome participated in nitrate reduction
by denitrifying bacteria, e.g., by Pseudomonas aeruginosa.

Pseudomonas

stutzerl cannot use carbohydrates as a source of carbon (2).
Valera (62) placed denitrifying organisms into four nutritional
groups.

(1) Those which grow in simple glucose-nltrate-mineral media,

(2) those requiring in addition aimnonlum ions for nitrogen Source,
(3) those needing amino acids, and (4) very high concentrations of amino
acids.

Members of the genus Bacillus require very high concentrations

of amino acids in order to denitrify.

Organisms placed in the fourth

group showed some growth but no gas production until ten times more
yeast extract, (Increased from 0 .1% to 1%) or vitamin-free caaamino acids
were added.

Gas production and growth increased significantly also with

1% peptone or 1% tryptose.

Tryptose (Difco Co.) or Tripticase (BBL Co.)
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is a pancreatic digest of casein and Is especially useful In determining
the capacity of microorganisms to reduce nitrates.
Delwiche (19) claimed that "the dissimilatory reduction of nitrate
did not always result in the production of gas since B. licheniformis,
B. subtilus. and £. coll reduced nitrate to ammonia in amounts above
their organic nitrogen requirements.

He also stated that it was unknown

whether this type of reduction is important in yielding energy and that
in some cases during ammonia production nitrate was not proven to be
essential.
Verhoeven (63) stated that ammonia formation by sporeforming bac
teria is suppressed by excessive aeration and this is further proof that
excessive production of ammonia is dissimilatory and not asslmilatory in
origin.

Under moderate aeration II. licheniformis and B. subtilus pro

duced 89 and 86 per cent ammonia and under excessive aeration, zero
and 3.4 per cent ammonia was produced.
It was suggested that reduction to ammonia was denitrification but
it seemed to be a different process from other types where gases were
formed.

Kluyver (34) suggested that since the formation of N 2 requires

the union of two molecules of nitrite and the formation of ammonia
does not, oxygen inhibits dlmerization of HNO and not denitrification.
The following equation was an example:
2 NO 3 -- - 2 NO 2

r NHjOH

---r 2NH3 or 2 RNH2

jinhibited^ H 2N 20 2 — ■ N 20 or N 2
by oxygen
Kluyver (34) also pointed out that in true dissimilatory nitrate
reduction the end products of this type of metabolism are secreted into
the medium.

He further stated that when testing for N20 it must be taken
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Into account that Its solubility In media is 2 to 3 times its solubi
lity in distilled water.

Nitrous oxide in aqueous media has a distinct

tendency to form supersaturated solutions.
Allen and van Niel (2), using manometric techniques and Pseudo
monas stutzeri. showed that heavy suspensions of cells under anaerobic
conditions in yeast extract did not produce gas prior to addition of
nitrite.

When nitrite was added a stormy evolution of gas occurred.

If calculated as

the amount of gas formed represented an excess

of about 307. over that required by a conversion of all the nitrite
nitrogen to N 2 • The "excess" gas was found to be CO2 which was
liberated faster than it could be absorbed by the potassium hydroxide.
Under no conditions did an excess of N 2 , over the amount added in NO^
occur and this indicated that there was no reaction between nitrite and
amino acids in the medium.

From their experiments these same authors

also concluded that a reaction between amine and nitrite does not occur
In bacterial denitrification.

A medium composed of ten per cent yeast

estract and 0.2 to 0.5% KNO3 or 0.1 7. NaNC>2 yielded copious growth and
gas production under anaerobic conditions.
Several strains of the genus Bacillus have been reported by Smith,
Gordon and Clark (58) to occasionally denitrify.

The denitrifying strains

are Bacillus pantothenticus, B. cereus. and B. laterosporus.
Roberts (50) isolated strains of B. polymyxa from soil which were
exceptionally active reducers of ferric oxide and ferric hydroxide.
These strains, however, were not reported to be capable of reducing
nitrate or nitrite.
hydroxide.

In Isolating, Roberts used glucose and 0.5% ferric
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Bromfield, (10) found Bacillua circulans capable of reducing ferric
iron (Fe***) to (Fe*"**) ferrous iron and stated that unsuitable culture
media may have prevented the reduction of Fe*++ to Fe++ by other micro
organisms.

Bromfield observed that reduction of the ferric ion was not

a direct microbiological process but that the ferric ion was reduced
by products secreted by Bacillus circulans.

MATERIALS AND METHODS
A 1:1 soil-water suspension at approximately -200 millivolts redox
potential was selected for Isolations of microorganisms because It dupli
cated somewhat the conditions In a flooded rice field and because under
such conditions a population of facultatively anaerobic nitrate-reducing
microorganisms would be present.

The first studies were preliminary

and were conducted primarily to devise and test Isolation techniques,
culture media and methods for obtaining anaerobic conditions.

The 1:1

soll-water suspension at -200 m.v. was prepared by mixing 1,000 g
of Crowley slit loam soil with 1000 g of distilled water and allowing
the suspension to stand for two weeks at a temperature of 73 to 76° F.
The soil taken from the field contained 14 per cent moisture and was not
alr-drled.

A profile description of the Crowley silt loam is given in

the Appendix.

Before flooding, the soil pH was 4.7 and two weeks after

flooding It was 7.2; the Eh values before and after flooding were +350
and -200 m.v., respectively.
About ten different media were tested.

These Included the use of

yeast extract, soil extract, sodium thioglycollate, and energy sources
such as glucose, sucrose, peptone, citric acid, sodium citrate and
glycerol.

All the media contained nitrogen as potassium nitrate.

Under

anaerobic conditions the greatest variety of microorganisms, as judged by
variety of colony types, developed on a medium containing glycerol and
yeast extract with 0.4 p.p.m. of molybdenum and without soil extract and
sodium thioglycollate.

This medium is essentially the one prepared by
21
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Valera (62) wirh the exception of the molybdenum and a different iron
source.
A number of methods for obtaining anaerobic conditions were tested.
The most suitable method for plate counts and culturing the organisms
in tubes and on plates Included the use of vacuum dessicators and a
vacuum pump.

A vacuum of about 740 to 750 mm Hg was drawn on the

dessicator containing the cultures and 99.997, pure nitrogen gas was
used to replace the partial vacuum.

Evacuating and filling with nitrogen

gas was repeated until anaerobic conditions were obtained.

Each des

sicator was flushed five to eight times with the nitrogen gas, or until
methylene blue indicator (25) became colorless.

It was observed that

leakage of air into vacuum dessicators was prevented by maintaining
a slight vacuum in the container.
A saturated solution of a 1:1 mixture of HgCC^and NaHC03 , recom
mended by Parker (45), was added to each vacuum dessicator to supply
CX>2 which may have shortened the lag phase of the growth period under
anaerobic conditions.

The 1:1 mixture was calculated to maintain OO2

pressure at 10.6 mm Hg or 1.47. CO2 .
After the medium was devised,microorganisms that would develop
colonies on the selected glycerol medium under anaerobic conditions
were isolated from the waterlogged soil by plating dilutions of
1 :20,000 on the basis of soil weight.

Estimation of Numbers of Nitrate Reducers
Each distinct colony type that appeared on the selected medium was
described, sketched, transferred to agar slants and the number of each
colony type on each dilution plate was recorded.

After screening the

organisms of each colony type for nitrate and nitrite disappearance,
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the numbers of organisms of each colony type that significantly lowered
the original concentration of nitrate was determined.

The percentage

of the total organisms that were nitrate reducers was calculated.
Classifications of Isolates
Gram stains,Hucker modification (6), and crystal violet were
used to stain the isolates for morphological observations under the oil
immersion objective lens.

Sketches were made for comparison and

"physiological" test media were also used for identification.

The

organisms studied are described in the Appendix, and media prepared for
identification are also Included.
Isolations of microorganisms from the flooded soil were carried out
using the methods described above.

A 1:20,000 dilution of the highly

reduced soil was found to be satisfactory for plate counts and for
isolating colonies.

The 1:20,000 dilution was prepared by adding fifty

ml. of the soil suspension to 200 ml. of sterile distilled water in a
500 ml. Erlenmeyer flask (1:10 dilution on basis of soil) and agitating
on a mechanical shaker for 30 minutes.

One ml. of the 1:10 dilution

taken while the suspension was in motion, was transferred aseptically
with a sterile 1 ml. volumetric pipette to a sterile 99 ml. water-blank
(1:1,000 dilution on basis of soil) and 5 mis. of the 1:1,000 dilution
were transferred in the same manner to a 95 ml. sterile water-blank
(1 :20,000 dilution on basis of soil).
One ml. of the 1:20,000 dilution, after agitation, was transferred
aseptically to each of 5 sterile petri dishes and 12 to 15 ml. of 1.6%
agar medium was poured from sterile test tubes into petri dishes and rotat
ed and agitated to obtain dispersion of the soil suspension throughout
the medium.

Five replicated plates were also poured and carried through
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the same procedure using sterile distilled water instead of soil
suspension.

The medium used had the following formula:
grams per liter

Glyercol

10

3

KN03

K 2HPO4

0.8

KH2PO4

0.2

CaCl2.2 H2O

0.1

MgS04. 7 H20

0.2

(410 p.p.m. nitrate nitrogen)

.001 (1 p.p.m. FeClg)

FeCl3

(.17.)

Yeast Extract

1.0

Na 2M 0O4 . 2 H 2O

0.001 (0.4 p.p.m. Mo from
1007. Na2MoC>4 . 2 H 20)

Distilled water

1,020 ml.

Agar (in solid medium)

16

pH = 7.1 Before Autoclaving
The agar medium was allowed to solidify and the plates inverted
in order to keep water condensation from the surface of the agar.

The

plates were placed in a vacuum dessicator for Incubation under anaerobic
conditions.

A large Pyrex vacuum dessicator was cleaned and the ground

glass surface greased with Dow Chemical Co. high-vacu^m grease.

When

a vacuum of about 745-750 mm Hg was obtained, nitrogen gas was admitted
to the evacuated dessicator until a vacuum of about 16 mm Hg was
approached.

The pump was again started and a vacuum of approximately

745-750 mm Hg. was again obtained.

This procedure of flushing with pure

nitrogen gaB was repeated five times, or until the methylene blue
indicator showed that anaerobic conditions had been obtained.
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The dessicators were placed in an incubator at 30° C. until growth
of the colonies was sufficient for counting and isolating.

Following the

incubation period, plate counts were made and the numbers of each
different colony type in each plate were recorded.

The first isolation

was done with a medium that contained no added Na2MoO^.2H 2O.

Evidence

has been presented by Mulder (40) which showed that molybdenum was
necessary for dissimilatory nitrate nitrogen reduction.

The omission of

Mo may have limited the numbers of colony types that grew on dilution
plates as well as limiting the numbers of organisms.

On the other hand,

enough Mo may have been present in the medium as contamination in the
reagents.

Dilution plates for later isolations contained the same

medium with the exception 0.4 p.p.m. Mo added as Na2MoO^.21^0.

In the

later isolations, made with Mo added to the medium, a larger number of
organisms and a greater variety of colony types developed.
After incubation the plates were opened and individual colony
types were cut aseptically from the agar and transferred to agar slants
and liquid medium with a 3-inch sharp-pointed sterile nichrome wire.
Fifty distinct colony types were isolated in three separate isola
tions on agar plates.

Each colony type was described and sketched and

each isolate, which represented a different colony type, was given a
designated laboratory number for further identification.
second isolations were from a 1::1 soil-water suspension.

The first and
These two

samples were taken on separate occasions at the time of isolation.

The

third isolation was also accomplished with a different sample of Crowley
silt loam.

Fifty ml. of a 1::1 soil-water suspension were prepared and

30 p.p.m. of nitrate nitrogen and 0.25 per cent ground rice straw were
added to the suspension.

Five plates of 1::20,000 dilution, 5 plates of
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a 1 ::200,000, and 5 plates using 1 ml. of distilled water were incubated
anaerobically.

The organic matter content of the soil used for the

first isolations was 1.6 per cent and the total nitrogen content was
1,000 p.p.m.

Screening of Isolates for Nitrate and Nitrite Reduction
All isolates, including 20 from an earlier study by another worker,
were screened for nitrate and nitrite disappearance.

Disappearance of

nitrate and nitrite and appearance of nitrite were determined at the
beginning and 20 days after incubation under anaerobic conditions in
the following manner:

Pyrex test tubes (12 x 125 mm) with 5 ml. of

sterile medium containing 410 p.p.m. nitrate nitrogen and another group
of test tubes with 5 ml. of medium containing 30 p.p.m. nitrite nitro
gen, were inoculated with 1.0 ml. of a suspension of each isolate.
Three replicates of each nitrate and nitrite medium were frozen as soon
as inoculation was completed and three replicates were Incubated anaero
bically for 20 days.

After 20 days the tubes were frozen and about 25

to 40 tubes were thawed and analyzed daily for nitrate and nitrite
nitrogen.
A total of 59 isolates were screened and 26 were found to cause
the disappearance of either nitrate, nitrite, or both.

Nitrate nitrogen

was determined by the phenoldisulfonic acid method after oxidation of the
nitrite present, and nitrite nitrogen was determined with 1-naphthylamine
hydrochloride and sulfanilic acid according to the methods of the Ameri
can Public Health Association (4).

Control, or zero incubation time

samples were frozen immediately after inoculation and the 3, 6 , and 12hour disappearance-rate samples were frozen after the appropriate time.
A liquid mixture of acetone and dry ice was used to quick-fraeze the
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samples at approximately -70° C.
Spot tests for nitrite nitrogen were made on all nitrite nitrogen
cultures with Saltzman*s reagent (23).

For verification periodic quanti

tative tests were made for nitrite on samples which showed negative spot
tests.

Spot tests for nitrate nitrogen using chromotropic acid, made

in the same manner, were used to test all nitrate cultures.

When NO 2

ions were present, 17. sulfamic acid was used to destroy or complex them
so that nitrites did not interfere with nitrate nitrogen spot tests.^
Chemical Determinations
Nitrate-Nitrogen
All samples which were positive for nitrate or nitrite were analyzed
quantitatively in the following manner:
The six ml. of culture in each tube were transferred to a funnel
containing a Whatman number 42 filter paper for filtering.

The tube was

flushed three times with 10 ml. of distilled water to remove all nitrate
and nitrite nitrogen.

The 36 ml. of liquid were filtered into a 125 ml.

Erlenmeyer flask and poured back into the funnel and re-filtered.
Spot tests for nitrate were made on each sample.
present it was determined first.

If nitrite was

The nitrite in the remaining sample

was then oxidized to nitrate with 2 ml. of 37. hydrogen peroxide.

Before

oxidizing nitrite to nitrate, the sample was acidified with 1 ml. of
UH.H2SO4 and shaken.

After oxidizing to nitrate, 1 ml. of 1 N NaOH

was added to bring the pH back to near neutral.

After all nitrite was

converted to nitrate, as shown by spot testing, four ml. of the sample

^Personal communication. Dr. Phillip West, Boyd Professor of
Chemistry, Louisiana State University.
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were transferred to a 100 ml. volumetric flask and evaporated to dryness
in a draft oven at 105° C.
After the 4 ml. sample was evaporated to dryness, it was allowed
to cool for about 5 minutes, then 2 ml. of phenoldisulfonic acid were
added to the 100 ml. volumetric flask and swirled to get all the residue
taken up in the acid.

The reaction was allowed to continue for about

10 minutes in the absence of water and then about 20 ml. of distilled

water were added.

Enough 1:1 NH^OH —

distilled water solution was

added to raise the pH and develop maximum yellow color.

The solution

was cooled in running water, and then the total volume made up to 100
ml. with distilled water.

The contents were well mixed by shaking and

the density or absorption was measured in a Fisher photoelectrometer
using a 425 millimicron filter.
The per cent light absorbance was recorded for each sample and
the p.p.m. of nitrate was read from a standard curve previously prepared
with standard nitrate solutions.

The nitrite nitrogen in the sample

which had been oxidized to nitrate was substracted from the nitrate
concentration.
Nitrite Nitrogen
The cultures containing nitrite were filtered and washed with 30 ml.
of distilled water as in the nitrate determination, and 2 ml. of sample
were transferred with a volumetric pipette to a 50 ml. volumetric flask.
About 25 ml. of distilled water and 1 ml. of sulfanillc acid reagent
were then added.

The sample was mixed by shaking and was placed in dif

fuse lighting to react for 5 minutes.

After 5 minutes 1 ml. of 1-

naphthylamine hydrochloride reagent was added and the sample was shaken.
Two ml. of 1 M sodium acetate were added to buffer the solution at about
pH 2.0 to 2.5 and then the sample was brought up to the 50 ml. volume.
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The volumetric flask, containing the sample was then shaken and left
standing in diffuse lighting for 10 minutes and the density or absor
bance was read with a Fisher photoelectrometer using a 525 millimicron
filter.

The absorbance of each sample was converted to p.p.m. with a

prepared standard nitrite curve and the p.p.m. nitrite nitrogen was
multiplied by the dilution factor of 150 unless a greater dilution was
necessary due to precipitation.
When precipitation occurred, another 2 ml. aliquot of the sample
was transferred to 10 ml. of distilled water in a 400 ml. beaker and
well mixed by swirling.

Depending upon the nitrite concentration,

one or two ml. of the diluted sample obtained were transferred with a
volumetric pipette to a 50 ml. volumetric flask and the same procedure
was followed as outlined above.

Dilution factors resulting from

dilution of the 1 and 2 ml. aliquots were 900 and 1800 respectively.
Over 2,000 quantitative and qualitative determinations were made on
cultures for nitrite and nitrate nitrogen during the study.
Nitrate and Nitrite Disappearance Rate Tests
The organisms which brought about a reduction in the quantity of
nitrate and nitrite nitrogen present in the medium were carried through
a test to determine the rates at which the quantities of nitrate and
nitrite nitrogAn /ware decreased.

For this test 1.0 ml. of each isolate

was inoculated into 5 ml. of sterile glycerol-nltrate medium containing
approximately 410 p.p.m. of nitrate nitrogen in test tubes and incu
bated anaerobically for 0, 3, 6 , 12, 24, 26, 36 and 48 hours and for
3, 4, 5, 6 , 8 , 10, 13, 16, and 20 days.

Nitrite disappearance rate

tests were conducted in the same manner as for nitrate except that only
30 p.p.m. of nitrateiltrogen ware added to the medium.

Anaerobic
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conditions, as before, were obtained inside vacuum dessicators by alter
nate evacuation and flushing with nitrogen gas.

Fifteen small vacuum

dessicators were filled with 1 tube of each isolate, 26 isolates in all,
and anaerobic conditions were then obtained.

The "zero" or beginning

time tubes for each isolate were frozen in acetone-dry-ice as soon as
inoculated.
Nine cultures, used in gas production experiments described later,
were chosen because of their ability to reduce both nitrate and nitrite
and for the possibility of N 2 production from them.

The nine isolates

selected (11a, 44a, 32, H, 34, 31, 49, 46 and 23) were inoculated into
Smith fermentation tubes containing four different media, including the
original glycerol-nitrate medium.

One ml. of a heavy suspension of each

of the nine isolates was inoculated into the four media and incubated at
30° C.

A one-fourth inch layer of sterilized paraffin oil was poured

over the surface of the medium to prevent diffusion of oxygen into the
medium.

The three new media prepared for this test are listed in the

Appendix as media used for gas production.

The 3 new media contained

higher amino acid and NO^ concentration than the original medium used
for isolation and nitrate reduction tests.
Analysis of Gases in the Mass Spectrometer
Analyses of gases collected in Smith fermentation tubes from nine
cultures in 3 different media, were accomplished in the following
manner:
When about 2 to 3 cubic centimeters of gas had been collected in
a Smith fermentation tube, the cotton plug was removed and 4 ml. of 507.
KOH were pipetted into the bottom of the tube.

Care was taken

bo

that
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no air was introduced into the Smith tube during pipetting of the KOH.
Distilled water was used to fill the Smith tube and displace air.
A high vacuum 2-way stopcock fitted with a number zero rubber
stopper on one end was inserted into the mouth of the Smith tube, with
care taken that no air was entrapped.
The stopcock was closed and the Smith tube gently shaken to mix
the KOH with the culture in order to absorb carbon dioxide and the heighth
of the gas column remaining in the gas collection portion of the Smith
tube was recorded.

The gas samples were analyzed for nitrogen gas in a

Consolidated Electrodynamics Corporation Mass Spectrometer Model
20-611.

RESULTS AND DISCUSSION
Isolation of Anaerobic and Facultatively
Anaerobic Microorganisms
The results of three separate isolations of anaerobic and facul
tatively anaerobic microorganisms from waterlogged Crowley silt loam
soil are shown in Table 1.

Fifty distinct colony types were Isolated

from the soli by the dilution plate method.

Most of these fifty colony

types came from the first and second isolations, with only two new
organisms coming from the third isolation.

A much larger population

of organisms were obtained from the second isolation than from the first
and third isolations.
Some colonies did not develop when transferred from dilution plate
to agar slants.

Repeated transfers were made in an attempt to establish

these colonies on agar slants.

In a few cases (3 of 14 isolates) the

organisms that would not grow on agar slants could be grown in the liquid
medium.

Eleven of the fifty colony types did not develop in either

liquid or agar medium.

Eight of these 11 Isolates were cultures from

the first isolation in which no molybdenum was used in the dilution
plates, agar slants and liquid medium.

Only 3 of the isolates from

isolations 2 and 3, where 0.4 p.p.m. Mo was included in the medium,
failed to grow in either liquid medium or on agar slants.

A breakdown

of the individual colony types isolated in this study is shown in Table
2.
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Table 1.

Standard plate count of anaerobic and facultatively anaerobic
microorganisms in Crowley silt loam soil.

Date of
Isolation

Incubation
period

Colony Types
New
Tot.

75

20 days

28

28

1,500,000

10-21-62

280

33 days

20

32

5,600,000

11-13-62

40

43 days

2

2

800,000

9-27-62

Ave. No.
Colonies
per plate

Plate Count

Total number of different colony types - 50

Standard plate count s 3,550,000 per gram of soil.
(Dilution plates prepared on 11-13-62 not averaged with those of
9-27-62 or 10-21-62)
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Table 2.

Occurrence of nitrate reducing and other microorganisms that
grew anaerobically in glycerol medium.

Total number of colony types isolated

70*

Isolates screened for nitrate reduction

59*

Nitrate and nitrite reducers (all bacteria)

26

Colonies from dilution plates which showed
no growth

11

Per cent of screened colonies that reduced
nitrate nitrogen

44

*20 of these Isolates were from a previous preliminary study.

Screening
Table 3 shows the results of the screening test used to evaluate
the organisms for their ability to reduce nitrate and nitrite nitrogen.
Twenty-six of the isolates were shown to be nitrate reducers.

Fourteen

of the twenty-six isolates reduced the original 410 p.p.m. nitrate
nitrogen to zero.

Eight of these fourteen Isolates which reduced the

original nitrate nitrogen content to zero were later classified as
Bacillus polymyxa. Three genera, Micrococcus. Bacillus. and Arthrobacter
are represented by the other isolates that reduced nitrate to zero

Table 3.

Concentration of NO^ and NOj nitrogen after 20 days under anaerobic conditions.

Identification Isolate

Beginning
NO^-N

After
20 days
NO3-N

Beginning
NO^-N

After
20 days
NO2-N

Beginning
NO^- from NO3

After
20 days
NO2- from NO3

Bacillus polymyxa

5

345

0

25

0

0

0

Bacillus polymyxa

8

398

0

20

0

0

0

Pseudomonas spp.

10

400

0

35

35

12

282

Bacillus spp.

14

404

263

30

30

29

135

Bacillus spp.

23

400

164

43

0

18

144

Bacillus spp.

26

450

263

37

0

14

122

Bacillus spp.

27

400

103

33

33

22

180

Bacillus spp.

31

420

350

35

0

10

50

Bacillus polymyxa

32

360

0

24

0

0

0

Bacillus polymyxa

33

360

0

25

0

0

0

Bacillus spp.

34

412

237

34

0

14

125

Bacillus spp.

38

424

55

58

58

38

328

Arthrobacter spp.

39

400

0

25

0

0

0

Arthrobacter spp.

44a

383

0

27

0

3

0

Table 3.

(Continued)

Identification

Concentration of NO3 and NOjj nitrogen after 20 days under anaerobic conditions.

Isolate

Beginning
N03-N

After
20 days
NO3-N

Beginning
NO^-N

After
20 days
NO2-N

Beginning
NO^- from NO^

After
20 days
NO2- from NO3

Arthrobacter spp.

44a

400

0

33

0

0

0

Bacillus spp.

45

370

131

37

0

13

151

Micrococcus spp.

46

419

346

30

0

14

50

Micrococcus spp.

49

410

0

23

0

0

0

Bacillus spp.

50

340

120

35

35

16

130

Bacillus spp.

52

373

155

33

0

0

178

Bacillus spp.

55

400

272

34

0

14

108

B. polymyxa

B

360

0

25

0

0

0

B. polymyxa

C

353

0

25

0

0

0

B. polymyxa

H

345

0

25

0

0

0

B. polymyxa

L

375

0

24

0

0

0

11a

384

0

23

0

0

0

Bacillus spp.
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concentration.

One of the isolates capable of reducing nitrate nitrogen

to zero, tentatively classified as a species of the genus Pseudomonas.
did not reduce nitrite and 282 p.p.m. of nitrite nitrogen accumulated in
this culture.

Four of the organisms which showed limited nitrate

reduction during the 20-day incubation period were incapable of reducing
nitrites.

Fairly high concentrations of nitrite accumulated in these

cultures.

These isolates, 14, 27, 38 and 50 were of the genus Bacillus.

Seven other isolates of the genus Bacillus and one Micrococcus isolate
also reduced some nitrate of the test medium.

Isolates 23, 26, 31, 34,

45, 52, 55, were of the genus Bacillus and isolate 46 was of the genus
Micrococcus. The most active reducers of nitrate were B. polymyxa.
Micrococcus spp. and Arthrobacter simplex. A search of the literature
did not show that Bacillus polymyxa had previously been reported as
being capable of denitrification.
From the data in Table 3 it may be noted that all of the most rapid
nitrate reducers reduced the original nitrate concentration to zero
within 20 days, reduced the 30 p.p.m. of nitrite nitrogen to zero within
20 days and did not accumulate nitrite from the reduction of nitrate.

Isolates which reduced nitrate slowly usually accumulated enough
nitrite to account for the nitrate lost through reduction, e.g.,
isolate 14 (Bacillus spp.) reduced 404 p.p.m. of nitrate nitrogen to
263 p.p.m. within 20 days and accumulated 135 p.p.m. nitrite nitrogen.
Another Bacillus spp. . 23, reduced nitrate slowly and accumulated some
nitrite.

Isolate 23, however, was capable of reducing nitrite nitrogen

and consequently did not accumulate as much nitrite as isolate 14.
It may be possible that all of the isolates in Table 3 which reduce
nitrate and nitrite nitrogen are capable of carrying the reduction even
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further, e.g., to nitrogen gas.

Some of the cultures listed in

Table 3 were later shown capable of nitrogen gas production.
isolates 32, H, 11a, 23, and 31.

They are

The most efficient nitrate and nitrite

reducers listed in bble 3 are Bacillus polymyxa, Arthrobacter spp.,
and Isolate 11a, a species of the genus Bacillus.
A breakdown of the 59 isolates based on their ability to reduce
nitrate and nitrite nitrogen is shown in Table 4.

There were 14 isolates

capable of reducing nitrate nitrogen to zero concentration in the 20-day
test period.

These rapid nitrate reducers were of the genera Bacillus.

Arthrobacter, Micrococcus and Pseudomonas. Thirteen of the 14 Isolates
were also capable of reducing nitrite.

The one Pseudomonas spp. was

unable to reduce nitrite.
Twelve of the 59 isolates were capable of limited nitrate reduc
tion, Table 4.

These organisms reduced nitrate nitrogen but did not

reduce 410 p.p.m. in the 20-day incubation period.

Eight of the 12,

7 Bacillus spp., and a Micrococcus spp. were able to reduce nitrite.
Four of the slow nitrate reducers could not reduce nitrite nitrogen.
The remaining 33 isolates were incapable of reducing either
nitrate or nitrite nitrogen.

No identification of these organisms was

attempted.
Population of Nitrate Reducers
The data in Table 5 summarize plate counts of three isolations
from waterlogged Crowley silt loam soil under anaerobic conditions.

It

may be noted that the genera which caused rapid disappearance of nitrate
and nitrite, all had plate counts of over 100,000 per gram of soil with
the exception of Isolate 49 of the genus Micrococcus. Isolate 11a, a
species of the genus Bacillus. had the highest plate count of all the

Table 4.

Genera capable of reducing nitrate and nitrite nitrogen.

Number capable of reducing
nitrate to zero in 20 days

'
1

Number capable of limited nitrate
reduction in 20 days

Number unable to reduce
nitrate nitrogen

Bacillus spp.

9

'

Bacillus spp.

33 (unidentified)

Arthrobacter spp,

3

'

Micrococcus spp.

Micrococcus spp

1

Pseudomonas spp

1

Total

__ 1_

12

Total

14

No. capable of No. unable
to reduce
Inducing NO3
nitrite
Ps. spp.

1

'
1
1

No. capable of
reducing nitrite

No. unable to
reduce nitrite

'

B. spp.

7

B. spp.

B. spp.

9

A. spp.

3

M. spp.

1

M. spp.

1

Total

8

Total

11

13

4

No. capable of No. unable
reducing nitrite to reduce
nitrate
0

33 (Uniden
tified)

Table 5.

Estimated numbers of specific isolates from Crowley silt loam that reduced nitrate nitrogen
in glycerol medium under anaerobic conditions.

Isolate

Ho. colonies
per plate

Total Plate
Count

Dilution
(soil
basis)

Per Cent
colony type
per plate

Total, organisms
per g. soil
X 103

No. of each
isolate per
g. soil

10

3

100

1:20,000

3

2,000

60,000

11a

8

100

1:20,000

8

2,000

160,000

14

2

100

1:20,000

2

2,000

40,000

23

5

50

1:20,000

10

1,000

100,000

26

-

50

1:20,000

10

1,000

100,000

27 1

-

-

-

-

-

-

311

-

-

-

-

-

-

* 1:20,000

-

-

32

*6

„1
33

-

-

-

-

34

1

280

1:1,000

0.39

38

4

280

1:20,000

39

5

280

44a

3

44b

7

* 120,000
-

280

1,000

1.5

5,600

80,000

1:20,000

1.95

5,600

100,000

280

1:20,000

1.17

5,600

60,000

280

1:20,000

2.73

5,600

140,000

^Estimate made on isolate designated "H" in the laboratory.
^Colonies too numerous to count.

Table 5.

(Continued)

Estimated numbers of specific isolates from Crowley silt loam that reduced

nitrate nitrogen in glycerol medium under anaerobic conditions.

Isolate

No. colonies
per plate

Total Plate
Count

Dilution
(soil
basis

Per Cent
colony type
per plate

Total, organisms
per g. soil
X 103

No. of each
isolate per
g. soil

45

2

280

1:20,000

0.78

5,600

40,000

46

2

280

1:20,000

0.78

5,600

40,000

49

3

100

1:20,000

1.17

5,600

60,000

50

4

280

1:20,000

1.56

5,600

80,000

52

1

280

1:20,000

0.39

5,600

20,000

55

8

280

1:20,000

3.12

5,600

160,000

t

42
isolates, 160,000 per gram of soil.

This organism reduced the nitrate-

nitrogen content of the medium to zero within 20 days, (Table 3).
Isolate 11a was tentatively classified, along with isolate 45, as
Bacillus circulans. Isolate 45, however, did not produce gas under
anaerobic conditions in the media used in the study.
Nitrate and Nitrite Reduction Rates
Quantitative data on the rates of reduction of nitrate and nitrite
nitrogen are shown in Figures 1-11 for selected isolates.

Figure 1

depicts nitrate and nitrite reduction rates for isolate L, B. polymyxa.
This organism reduced 410 p.p.m. nitrate nitrogen in 5 days.

A

temporary build-up of approximately 130 p.p.m. nitrite nitrogen accom
panied the nitrate decrease.
about the same time.

Both nitrate and nitrite disappeared at

In a separate test of nitrite reduction (also

shown in Figure 1) nitrite nitrogen disappeared in 25 hours.
Figure 2 shows for two other isolates of Bacillus polymyxa (H and
32) nitrate nitrogen reduction and nitrite nitrogen accumulationreduction curves.

These curves show the same trend as isolate L of

Bacillus polymyxa. Both figures, 1 and 2, show the complete disappear
ance of all the added nitrate nitrogen within 5 to 6 days.
Figure 3 graphically presents the rate of nitrate and nitrite dis
appearance by strains of Arthrobacter simplex. 44a and 44b.

In contrast

to B. polymyxa, Arthrobacter simplex reduced nitrate nitrogen very
rapidly but nitrite gradually accumulated and was then gradually reduced.
Nitrate seems to have been converted quantitatively to nitrite.
The rate curves in figure 3 show isolates 44a and 44b to be
similar in their capacity to reduce nitrate and- nitrite nitrogen.

These

rate curves all give evidence that the two isolates are of the same
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Figure 1. - Nitrate and Nitrite Reduction by Bacillus polymyxa.
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species.

They are both tentatively classified as Arthrobacter simplex.

The rate curves are so similar for isolates 23, 26, 27, and are
also so similar for 52, 45, and 34 that it seems that these two groups
may be of the same two species.
Some isolates, 44a, 44b, 38 and 33, e.g., can reduce nitrate when
the concentrations of nitrite build up to 100-300 p.p.m.

Other

isolates 26, 27, 23, 34, 45, and 52 cannot reduce nitrate when the
concentration builds up to 100-200 p.p.m.

Nitrite is probably toxic in

high (110 p.p.m.) concentrations to the latter-mentioned isolates and
growth (including "nitrate reduction") is stopped.
Figure 4 depicts nitrite accumulation by two isolates of the genus
Bacillus, isolates 27 and 38.
nitrite nitrogen.

These organisms, 27 and 38, did not reduce

The curve of Isolate 27 was similar to the previous

one (Figure 3) for isolate 38; however, isolate 38 showed a fairly steep
curve for nitrate reduction, whereas, isolate 27 reduced nitrate rapidly
for about 2 days and then leveled off at a concentration of about 120
to 130 p.p.m.

Figure 5 shows that a species of the genus Pseudomonas

reduced nitrate to nitrite but did not further reduce nitrite nitrogen.
Within 20 days the nitrate-nitrogen content was reduced to about 95 p.p.m.
and nitrite nitrogen accumulated to a concentration of about 200 p.p.m.
Figure 5 shows nitrate reduction and nitrite accumulation by a
apecies of the genus Pseudomonas. isolate 10.
An unknown species.of the genus Bacillus, isolate 26, reduced
nitrate nitrogen but not nitrite nitrogen, Figure 6 . The nitrate
nitrogen reduction rate was rapid for about 2 days and then leveled off.
Figure 7 shows that isolate 23, (Bacillus spp.) reduced nitrate and
nitrite but that the rate was rather slow compared to that of B. polymyxa.
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Isolate 34, Bacillus spp., reduced nitrite nitrogen at a fairly
constant rate after the first 1% to 2 days, Figure 8 . Nitrite nitro
gen was reduced slowly*
Figures 9 and 10 show nitrate and nitrite reduction curves for two
Isolates of the genus Bacillus. Both isolates were capable of reducing
both nitrate and nitrite nitrogen.
Figure 11 shows the rate at which Bacillus polymyxa. isolate 33,
reduced nitrite and nitrate nitrogen.

This isolate B. polymyxa was not

included in the nine isolates tested for gas production and no gas
analysis was possible.
From the nitrate reduction rates shown in Figures 1 though 11,
there is good indication that Bacillus polymyxa is one of the major
nitrate and nitrite reducers in Crowley silt loam.
Identification of Isolates
Results of identification tests with 26 isolates from Crowley silt
loam are in Table 6. Bergey's Manual (7) and USDA Mongraph No. 16 (58)
served as references for classification.

Some isolates did not fit

exactly into descriptions for species and are tentatively given species
names best indicated by their characteristics.
Descriptions are given for most of the isolates, and a represen
tative description is given where three or four Isolates are very similar.
Nitrogen Gas Determinations
A total of nine isolates of the genus Bacillus were found to pro
duce nitrogen gas in one or more of three media tested.

These Isolates,

together with the media in which gas was produced, and the per cent of
molecular nitrogen and nitrous oxide contained in the gases are shown in
Table 7.

The variation in the medium from that in which the organisms
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Table 6. Identification of nitrate and nitrite reducers isolated from Crowley silt loam soil.

Isolate

Growth
(NH2)4
8D4
Glu- Mannicose
tol

Sporan- Milk
gium
LiquiSwollen faction

Gas
in
Lactose
Broth

Gram
stain

+

AMC

Starch
Hydrolysis

M.R.

5

+

-

+

C

+

-

+

L

+

-

+

"

(6)

B

+

-

+

"

(3)

8

+

-

+

"

(2)

H

+

-

+

(5)

33

+

-

+

(8)

32

+

-

+

(7)

11a

+

-

-

-

-

-

-

-

B

.

Polymyxa

(1)
(4)

31

+

+

+

-

-

-

34

+

+

+

-

-

-

23

+

+

+

+

52

?

14

?

♦Tentative identification.

+

Anaerobic
Indole Identity Strain
growth
Glucose

-

+

-

-

-

+

+•

+

- B. circulans*

-

+

“ B* pulvi faciens*

-

+

+ B* laterosporus*

+

+

-

Bacillus spp.
Bacillus spp.

Slow

-

-

-

-

+

+

OB.

licheniformis*

Table 6 . (Continued)

Identification of nitrate and nitrite reducers isolated from Crowley silt loam soil.

Sporan Milk
Growth
gium
Liqui(NH2)4
Swollen faction
S04
Glu- Mannicose
tol

Isolate

27

-

+

Gas
Gram
stain AMC M.R.
in
Lactose
Broth

t
Starch Anae
Hydrol robic
Indole
ysis
growth
Glucose

Identify

-

+

-

-

+

+

-

IJ. spp.

Strain

+

slow

-

-

-

-

-

+

-

B. spp.

-

-

-

+

-

-

+

-

-

B. spp.

-

-

-

-

-

-

-

**

-

B. spp.

50

-

slow

-

-

-

+

-

-

B. spp.

26

-

-

-

+

-

-

+

+

-

B. spp.

no
spore

-

-

-

-

-

-

-

Pseudomonas spp.

*•

-

Arthrobacter spp.

7

+

+

45
38

+

10

+

+

+

Sole sources of C
and N; NH^ and
Citrate
Growth

Gas

44a

+

+

44b

+

+

-

-

-

Arthrobacter spp.

39

-

-

-

-

-

Unknown

-

Micrococcus S£p.

49
A
A
46

fl

58

Table 7.

Concentrations of nitrogen gas and nitrous oxide from nine
isolates in various media under anaerobic conditions .

Isolate

Medium

7J<2

7. N 20

c.c. gas
Produced

Time
Cultured

B. polymyxa (32)

trypticase

43.7

0

-

10 days

B. polymyxa (H)

If

48.5

0

-

10

"

Bacillus spp. (11a)

tl

68.1

0

3.8

10

"

Bacillus spp. (23)

ft

60.2

8

2.2

11

"

32.8

0

3.3

Bacillus spp. (31)

17. yeast
extract
H

97.0

0.9

4.0

12

"

Bacillus spp. (11a)

II

42.6

0

3.3

14

"

B. polymyxa (32)

M

39.8

0

2.8

14

"

21.0

0

1.9

18

"

B. polymyxa (h)

B. polymyxa (32)

1.57. glycerol
and
0.27. yeast
extract

7 "

COj was absorbed with 4 ml. of 507. NaOH in each Smith Fermentation tube.
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had previously been tested was found to be necessary in order to obtain
sufficient quantity of gas for analysis.

Isolates 32, H, 11a, and 23

produced 43.7; 48.5; 68.1 and 60.27. nitrogen gas, respectively, in
trypticase medium, as the data show in Table 7.

In 1% yeast extract

medium isolates H, 31, 11a, and 32 produced 32.8, 97, 42.6, and 39.87.
nitrogen gas, respectively.

Isolate 32 formed 217. nitrogen gas from a

medium identical to the original medium used for isolating and culturing,
except for a higher concentration (1.57.) of glycerol and 0.27. yeast
extract.

Nitrous oxide was detected in only one culture, 31, and the

concentration was low, 0.97..

In trypticase medium isolate 11a and 23

formed 3.8 and 2.2 cc. of gas (excluding CO2) in 35 cc. Smith Fermentation
tubes after 10 and 11 days, respectively. Isolates 32 and H, cultured in
trypticase medium, were not measured for gas production.

In 17. yeast

extract isolates H, 31, 11a and 32 produced 3.3, 4.0, 3.3., and 2.8 cc.
gas, excluding carbon dioxide gas, after 7, 12, 14, and 14 days respec
tively.

Isolate 32 cultured in the medium used for isolating and cul

turing and a higher (1.57.) glycerol and 0.27. yeast extract produced
1.9 cubic centimeters of gas, exclusive of carbon dioxide.
None of the nine isolates in Smith fermentation tubes under anaero
bic conditions and in the original liquid glycerol-nitrate medium with
0.17. yeast extract produced gas.

These same nine isolates did not pro

duce gas in specially constructed anaerobic jars when Inoculated into
the original glycerol-nitrate medium.

However, a few gas bubbles were

observed from B. polymyxa in the glycerol-nitrate medium (0.1% yeast
extract) when isolates were being screened for reduction of nitrate.

Gas

bubbles were observed during screening tests in cultures of Bacillus
polymyxa and extensive cracking of the agar medium occurred with Isolates
of B. polymyxa and isolate 11a (Bacillus spp.).
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The nine isolates tested in trypticase soy broth grew to high
turbidity within 24 to 48 hours after inoculation.

A few bubbles of gas

were noted in the trypticase soy medium containing cultures 32, H, and
11a after 3 days; in the 1% yeast extract glycerol-nitrate medium,

slight gas production occurred from culture 31 after 4 days.

After 5

days, cultures of isolate 32 and H showed a few bubbles of gas.

No

gas was produced in the 0 .1% yeast extract-glycerol-nltrate medium used
for Isolation and testing.

A few bubbles were produced in some cultures

of the glycerol-nitrate medium with 1% KNO^, 0.1% glucose and 1% yeast
extract 8 days after inoculation, but not enough gas was produced for
analysis.
It seemed that trypticase-soy nitrate broth was generally the best
medium for gas production.

Trypticase broth would also probably be the

best medium for isolating, counting, and testing for nitrate reduction.
The microbial nutrition is apparently a vital factor in gas production
by nitrate reducing microorganisms.
The medium in which the isolates were cultured affected the quantity
of nitrogen gas produced.

More of the isolates may have produced gas if

different media had been used.

Certain Isolates were capable of reducing

both nitrate and nitrite nitrogen but did not produce gas.

The nitrogen

reduced from nitrite was obviously present in an intermediate form in
these cultures.
Data In Table 6 give adequate evidence that the nine Bacillus
isolates studied produced nitrogen gas from the liquid medium in which
they were cultured.

The nitrogen gas produced was undoubtedly from the

reduction of nitrate in the medium.
Because the plate counts for these nine isolates were all in excess
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of 100,000 per g. of soil, their rates of reduction of nitrate were
rapid, and the fact that they were capable of producing nitrogen gas
from nitrate in liquid media, it is obvious that these organisms of the
genus Bacillus are important in the nitrogen economy of Crowley silt
loam soil.

SUMMARY AND CONCLUSIONS
A study was made of specific microorganisms isolated under anaero
bic conditions from highly reduced (-200 millivolt oxidation-reduction
potential) waterlogged Crowley silt loam soil in order to determine the
rates of nitrate and nitrite reduction and denitrification.

The study

consisted first of isolation and screening of all isolates for nitrate
and nitrite reduction capacity.

Rates of nitrate and nitrite reduction

were determined, some of the organisms were identified, and their num
bers in the soil were estimated.

The concentrations of gaseous nitrogen

products of nitrate reduction were measured with a mass spectrometer.
The medium selected for Isolating and culturing showed development
of the largest numbers of different colony types in comparison with
inoculated plates of ten other media tested.

A glycerol-nitrate medium

with 0.17. yeast extract and 0.4 p.p.m. of molybdenum was the medium
selected.
All colonies showing visual differences were isolated.

The micro

organisms in 50 apparently different colony types were isolated in pure
culture and screened for nitrate- and nitrite-reducing capacity.

Twenty-

six isolates were found to reduce nitrate and twenty-one of the nitrate
reducers also reduced nitrite nitrogen.

The rate, at which specific

microorganisms reduced nitrate and nitrite nitrogen was determined.
Several isolates of the genera Micrococcus. Bacillus. and Arthro
bacter reduced approximately 410 p.p.m. of nitrate nitrogen in the
glycerol-nitrate medium with 0 .1% yeast extract within three to five days.
62
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Nitrate was converted to nitrite by all of the nitrate-reducing bacteria
isolated.

In some cultures high nitrite concentrations were apparently

toxic to the microorganisms, since further nitrate reduction was inhibted.
Other isolates capable of rapid nitrate reduction, particularly Bacillus
polymyxa. reduced nitrite nitrogen rapidly enough to prevent accumulation
of nitrite in the medium.

The accumulation of a high concentration of

nitrite in cultures of Arthrobacter simplex did not inhibit nitrate
reduction by this strain.
Nitrogen gas was not produced by nine isolates active in nitrate
reduction when the glycerol-nitrate medium was used for culturing.

Evo

lution of gas in glycerol-nitrate medium occurred when the yeast extract
content of the medium was increased to 17..

Some nitrogen gas was also

produced by some isolates when cultured in trypticase soy-nltrate broth
and in a glycerol-nitrate medium containing 1.57. glycerol and 0.27.
yeast extract.

Trypticase soy-nltrate broth was generally the medium in

which the most gas was evolved.

When cultured in various media some

of the isolates which produced gas showed visible gas accumulation in
only one medium.

The gas produced by isolate 31, a species of the genus

Bacillus. contained 977. molecular nitrogen and 0.97. nitrous oxide.

Other

species of the genus Bacillus evolved gases which contained from 21 to 687.
molecular nitrogen.

Gases collected from cultures of Bacillus polymyxa

contained from 21 to 48.5% molecular nitrogen.
It is evident from the numbers of the rapid nitrate reducers in the
soil and the high concentrations of nitrogen gas evolved from Bacillus
polymyxa and other species of the genus Bacillus. that denitrification is
important in the nitrogen economy of Crowley silt loam soil.
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APPENDIX
Media Used for Identification of Isolates
Glucose - Nh T
4 - salts medium
grams per liter
glucose

pH = 7.3 (before autoclavlng)

10.0

(NH4)2S04

0.3

K 2HP04

0.8

also added

KH 2P04

0.2

1 ml phenol red 1.67* alcoholic

solution
CaCl2 .2H20

0.1

MgS04 .7H20

0.2

10 ml 100 ppm FeCl3(lppm FeC^)

10 ml 100 ppm Na^oO

.2H20 (0.4 ppm Mo)

Yeast extract (Difco

1.0

Distilled water

1000 ml.

Mannitol - NH4 - salts medium
Mannitol - (NH4)2S04 medium prepared in same manner as glucose medium
(above) except 10 g. of mannitol used instead of glucose. pH
before autoclavlng

7*2

Starch - Nutrient agar medium
grams per liter
Soluble starch

5.0 (Merk -

Beef extract

3.0

Peptone

5.0
15.0

Agar (Difco)
Yeast extract

1.0

kno3

3.0

Distilled water

1000 ml.

pH = 7.0 before autoclavlng
Fortified iron milk
Powdered skim milk

50. Og

Neopeptone

0. 5g

Distilled water

500 ml.

Weigh

out 50g skim milk powder and 0.5g of neopeptone, add to

500 ml. distilled water and put into solution.
reduced

(ft)

Place a pinch of

iron into each of the 16 x 150 mm test tubes and then

add the milk so as to have about 6 ml of milk in each tube.

Auto

clave at 121° C for 20 minutes.
Lactose broth - Difco Dehydrated - (Difco Laboratories, Detroit,
Michigan) 13 g per liter of distilled water
M.R. - V.P. Medium - Difco Dehydrated - 17 g per liter of distilled
water
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7.

Glucose Broth (Dextrose) Difco dehydrated:

- 23 g per liter of

distilled water, add Andrade's Indicator.
Andrade's Indicator as outlined by McClesky and Christopher
Acid fuchsin (0.5%)

100 ml.

Sodium hydroxide (N/l)

16 ml.

"Allow to stand overnight before using.
add 10 ml. per liter of medium.

For use in culture media

This indicator is red in solutions

more acid than pH 5.6 and colorless in media more alkaline than
pH 6.0.

Andrade's indicator withstands sterilization in the auto

clave and is not readily decomposed by bacteria."
8 . Koser Citrate Medium - Difco dehydrated - 5.7 g. in one liter of

distilled water.
9.

1% yeast extract medium (same as medium used throughout test except

17. yeast extract used instead of 0.17.)
10.

Tryptlcase Soy Nitrate Broth
grams per liter
Trypticase (BBL)

17.0

Dextrose (Difco)

5.0

NaCl

5.0

K 2HP04

2.5

Phytone (BBL)

3.0

NaN0 3

10.0

Distilled water

1000

pH ■ 7.1 before autoclavlng
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11.

Glycerol - Yeast Extract - Nitrate Broth
grams per liter
Dextrose

1.0

Glycerol

10.0

KN03

10.0

k 2hpo4

0.8

kh2po4

0.2

CaCl2

0.1

MgS04

0.2

pH * 6.9 before autoclavlng
FeCl3

.001 (1 ppm)

Na2Mo04

.001 (0.4 ppm

Yeast extract

10.0

Distilled water

1 ,020.0

Glycerol - Nitrate Broth
1.57. glycerol
0.2% yeast extract

This medium has the same composition as the formula used for iso
lating and testing listed in Materials and Methods except for the
percentages of glycerol and yeast extract listed above.
Identification of Isolates
Bacillus polymyxa
Strain 1

(designated number 5 in the laboratory)

Strain 2

(designated number 8 in the laboratory)

Strain 3

(designated number B in the laboratory)

Strain 4

(designated number C in the laboratory)
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Strain 5 (designated number H In the laboratory)
Strain 6 (designated number L in the laboratory)
Strain 7 (designated number 32 in the laboratory)
Strain 8 (designated number 33 in the laboratory)
Arthrobacter simplex
Strain 1 (designated number 44a in the laboratory)
Strain 2 (designated number 44b in the laboratory)
Bacillus spp.

(unidentified but not the same as any of the above

cultures)
Designated number 52 in the laboratory
Designated number 31 in the laboratory
Designated number 23 in the laboratory
Designated number 11ai in the laboratory
Designated number 34 in the laboratory
Designated number 14 in the laboratory
Designated number 27 in the laboratory
Laboratory
Designated number 7 in the 1
Designated number 45 in the laboratory
Designated number 38 in the laboratory
Designated number 50 in the laboratory
Designated number 26 in the laboratory
A species of the genus Pseudomonas vas designated number 10 in
the laboratory.
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CROWLEY SILT LOAM
Soil Profile:
1. A

0-12"

Dark grayish-brown 1/ (lOYr 4/2). light brownish gray
(10YR 6/2), dry; friable silt loam, faintly mottled
with shades of gray and brown; weak fine to medium
granular structure; slightly acid to neutral; 6-24
inches thick.

2. B 2I2-I6"

Dark grayish-brown (10YR 4/2), light gray (10YR 7/2),
dry; silty clay, mottled with brownish yellow (10YR 6/6);
weak fine to coarse blocky structure; firm when moist,
hard when dry; slightly acid to neutral; 4-12 inches
thick.

3. Pan 16-28"

Light brownish-gray (5YR 6/2), light gray (10YR 7/1),
dry; clay, conspicuously mottled with red (2. SYR 4/8)
and brownish yellow (10YR 6/8); strong medium to coarse
columnar structure; very hard when dry; plastic when
wet; medium acid to neutral; 6-20 inches thich.

Topography:

Nearly level to gently undulating with gradient usually

less than 2 per cent.
Drainage:

Poorly drained.

Surface runoff, very low to low; internal

drainage, very slow.
Vegetation:

Tall prairie grasses.
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Average composition of Difco yeast extract
Percent
Ash

PPm

Pb - 16.00

10.1

Total N

9.1

Ar ■

0.11

Ce

0.1

Mn *

7.80

S

1.3

Zn * 88.00

P

0.8

Cu * 19.00

Fe

0.02

sio2

0.05

Gamma/Gr.

K

0.04

pyridoxine

Na

0.3

biotin

1.4

Mg

0.03

thiamine

3.2

Ca

0.04

nicotene

279.0

Arginine

0.7

Aspartate

5.1

Glutamate

6.5

Glycine

2.4

Histidine

0.9

Isolucine

2.9

Lucine

3.6

Lysine

4.0

Methianine

0.7

4 Alanine

2.2

Thiamine

3.4

Tryptophane

0.8

Tyrosine

0.6

Valine

3.4

20.0
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Identification
Bacillus polymyxa. Strain 32
Agar colonies: Anaerobic, 30° C, Glyceral-Nitrate Medium
Form:

irregular

Surface: smooth
Margin:

undulate

Elevation:
Density:
Size:

convex
opalescent

4 x 6 mm.

Cell Morphology:
Vegetative cells:
Form:

rods 0,6— 0,7

Arrangement;
Sporangia:

x 3— 4

not in chains
spindles, definitely swollen

Endospores:

1.3 -1,6

Shape:

ellipsoid

Position:

x 2, - 2,6

central

Staining Characteristics:
Gram:

variable, Hucker Modification, 24 hrs.

Crystal Violet:

spore wall thick and easily stained

Broth: 24 hrs,
Surface growth:

none (no pellicle)

Subsurface growth:

slight granular

Amount of growth:

abundant (viscous)

Sedistant:

granular and gunmy

Relation to free Oxygen:
Faculative

Aerobic growth same or better than anaerobic
In nitrate medium: with glycerol as carbon substrate (anaerobic)
Nitrites formed
Gas formed
Nitrites reduced
Additional Data
Gas produced in lactose broth (aerobic)
Gas produced in 1% yeast extract plus glycerol medium,
trypticase, and 0.2% yeast extract plus 1.5%
glycerol media
Acetylmethylcarbinol produced
Methyl red negative
Isolates 5, C, L, H, B, 8 , 33 have similar characteristics and have been
identified as Bacillus polymyxa, strains 1, 4, 6 , 5, 3, 2, and 8
respectively
Micrococcus, strain 49
Agar Colonies:
Form:

circular, slightly irregular

Surface:
Margin:

smooth
entire

Elevation:
Density:
Size:

flat
opalescent

3 mm. diameter

Cell Morphology:
Vegetative cells:
Form:

cocci. 1y diameter, some spindle shapes and
rods in young cultures

Arrangement:
Sporangia:

few aggregates formed
none

Endospores:

none

Staining Characteristics:
Gram:

negative (Huckers Modification) 24 hrs.

Broth: 24 hrs.
Surface growth:

turbid only (no pellicle)

Subsurface growth:
Amount of growth:
Sediment:

turbid throughout
abundant

slight granular to none

Relation to free Oxygen:
Facultative
Aerobic and anaerobic growth about equal
In nitrate medium:

(anaerobic)

Nitrites formed
Gas not formed in 1% yeast extract or trypticase media
Nitrite reduced
Additional Data:
Indole negative
Isolate 46 has same general characteristics except for colony type
isolate 46 has following type anaerobic agar colonies:
Form:

mucoid

Surface:
Margin:

coarse
lobate

Elevation:
Density:
Size:

flat
opalescent

10 x 12 mm.

Size of Colony: 10 x 12 mn.

Arthrobacter simplex strain 44a
Form:

Irregular

Surface:
Margin:

rough
undulate

Elevation:
Density:
Size;

raised (In central portion of colony)
opalescent

5 - 7 mm. diameter

Cell Morphology:
Vegetative cells
Form - curved rods - few straight ones .6——.
Arrangement:
Sporangia:

not In chains
none

Endospores: none
Staining Characteristics:
Gram:

negative (24 hrs.)

Broth: 24 hrs.
Surface growth:

turbid throughout (no pellicle)

Subsurface growth:
Amount of growth:
Sediment:

turbid throughout (no pellicle)
abundant

abundant fine-grained sediment

Relation to free Oxygen:
Facultative
Aerobic growth better than anaerobic
In nitrate medium:

(anaerobic)

Nitrites formed
Nitrites reduced
No gas formed

x 2.5— 4

aa
Additional Data;
Indole negative
Grows with citrate as sole carbon source and ammonia as sole
nitrogen source
Grows at 37° C
AMC negative
Isolate 44b, strain 2, has similar characteristics Including anaerobic
colony type except for smaller flat colony measuring 0.5--5 mm. diameter.
Bacillus spp. (circulans) tentative, strain 11a
Agar Colonies:
Form;

spindle

Surface;
Margin:

smooth
entire

Elevation:
Density:
Size:

spindle (convex top, concave bottom)
opalescent

1 x 2 mm.

Cell Morphology:
Vegetative cells:
Form;

rods, 0. 7ft x 2.3 - 3.3ft

Arrangement:
Sporangia;

not in chains
spindles, and rocket shaped, definitely swollen

Endospores:
Shape:

ellipsoid

Position:

central

Staining Characteristics:
Gram:
Broth:

negative, 24 hrs.
24 hrs.
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Surface growth:

no pellicle

Subsurface growth:
Amount of growth:
Sediment:

turbid throughout
abundant

fine granular sediment

Relation to free Oxygen:
Facultative
Aerobic growth about same as anaerobic
In nitrate medium:

(anaerobic)

Nitrites formed
Nitrites reduced
Gas formed from trypticase and 1% yeast extract glycerol media
Additional Data:
Milk not liquified
No gas produced in lactose broth (aerobic)
AMC not produced
Methyl Red positive
Hydrolyzes starch
Does not grow 65° C
Indole negative
Grows anaerobically in glucose
Isolates 27, no reduction of nitrite, and 26 have simi
lar characteristics except for colony type (anaerobic); 26 and 27 have
circular form, arose margins, opaque color.
Bacillus spp. (pulvifaciena) tentative, strain 31
Agar Colonies:
Form;

irregular

Surface:
Margin;

smooth
erose
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Elevation:
Density:
Size:

flat
opaque

2 ran. diameter

Cell Morphology:
Vegetative cells:
Form:

rods, 0.7ft x 2.7 jJ

Arrangement:
Sporangia:

few short chains, mostly single
spindle, definitely swollen

Endospores:
Shape;

ellipsoid

Position:

central

Staining Characteristics:
Gram:

negative, 24 hrs.

Broth: 24 hrs.
Surface growth:

none

Subsurface growth;
Amount of growth:
Sediment:

turbid throughout
medium

slight flaky sediment

Facultative
Aerobic growth better than anaerobic
In nitrate medium:
Nitrites formed
Gas formed from trypticase and 1% yeast extract glycerol madia
Nitrites reduced
Additional Data:
No gas from lactose broth (aerobic)
AMC negative
Methyl red positive

*3
Does not hydrolyze starch
Grows anaerobically In glucose broth with pH less than 8
Indole negative
Grows (produces acid) In glucose and mannitol with ammonia
and 0 .1% yeast extract as source o£ nitrogen
Isolates 31, 7, 38 have similar characteristics
Isolates 7, 38 do not reduce nitrites
Bacillus spp. (laterosporus) tentative, strain 34
Agar Colonies;
Form:

Irregular

Surface:
Margin:

excentrically ringed
lobate

Elevation:
Density:
Size:

flat
opalescent

9 nan. diameter

Cell Morphology:
Vegetative cells:
Form:

rods, 0.7p x 4 |j

Arrangement:
Sporangia;

some few chains, mostly single rods
spindle, definitely swollen

Endospores;
Shape:

ellipsoid

Position:

central

Staining Characteristics:
Gram:
Broth:

negative (variable) 24 hrs.

(24 hrs.) aerobic

Surface growth:

none

Subsurface growth:

turbid throughout

Amount of growth:

moderate

Sed imant: none
Facultative
Aerobic growth about same or slightly better than anaerobic
In nitrate medium:
Nitrite formed
Nitriter educed
Gas formed in trypticase media
Additional Data:
Gas not formed from lactose broth
AMC negative
Methyl red negative
Starch not hydrolyzed
Grows anaerobically in glucose broth
Indole negative
pH less than 8 in glucose (aerobic conditions)
Indole positive
Grows, produces acid, in glucose and mannitol with ammonium
salts and yeast extract as sole nitrogen sources
Bacillus spp. (licheniformis) tentative, strain 23
Agar colonies:
Form:

irregular

Surface:

rough

Margin:

lobate

Elevation:
Density:
Size:

flat
opalaacent

3 mm. diameter

33
Cell Morphology:
Vegetative cells:
Form:

rods, . 7y

Arrangement:
Sporangia:

x

singly and In chains
spindle and clavate, not definitely swollen
resemble bipolar staining

Endospores:

0.7^g x 1.3 - 2 p

Shape:

ellipsoid

Position:

central

Staining Characteristics:
Gram:

positive (24 hrs.)

Broth: 24 hrs.
Surface growth:

film at top (flaky)

Subsurface growth:
Amount of growth:
Sediment:

flaky at side
heavy

white flaky

Facultative
Aerobic growth about same as anaerobic
In nitrate medium:
Nitrites formed
Nitrites reduced
Gas produced in trypticase medium
Additional Data:
Milk liquified completely (clear) at 3 days
No gas from lactose broth (aerobic)
AMC negative
Methyl red positive
Starch hydrolyzed

II
No growth at 65° C
Grows in glucose broth anaerobically
Isolate 52, 14 similar morphology except for colony type, probably
variants similar in other characteristics.

Isolate 52 does not grow

anaerobically in glucose broth.
Bacillus spp. (B. clrculans) tentative, strain 45
Aerobic colony - typical rotating motile
Agar Colonies (anaerobic)
Form:

filamentous

Surface:
Margin:

filamentous (rough)
filamentous

Elevation;
Density:
Size:

flat
opalescent

5 x 7 ran.

Cell Morphology:
Vegetative cells:
Form:

rods O.b — .lp x 2— 3.5^|

Arrangement:
Sporangia:
Endospores:
Shape:

not in chains
definitely swollen, clavate
1.3 f x 3.3 ft
ellipsoid, some kidney shaped

Position:

central

Staining Characteristics:
Gram:

positive (variable) 24 hrs.

Broth: 24 hrs.
Surface growth:

none

Subsurface growth:
Amount of growth:
Sediment:

slightly turbid throughout
medium

heavy flaky sediment

Mi
Facultative
Aerobic and anaerobic growth about equal
In nitrate medium:
Nitrites found
Nitrites reduced
No gas produced
Additional Data:
Liquifies milk very slowly
No gas from lactose broth under aerobic conditions
AMC negative
Methyl red negative
Hydrolyzes starch
No growth 65° C
No growth in glucose broth anaerobically
Indole negative
Bacillus spp. (B. megaterium) tentatively, strain 50
Agar Colonies:
Form;

irregular

Surface;
Margin;

smooth
undulate-lobate

Elevation;
Density:
Size:

flat
opalescent

4 x 6 mm.

Cell Morphology:
Vegetative cells:
Form:

rods, l--l,3ye x 3.3—

Arrangement:

chains or filaments forming strands

Sporangia:

not definitely swollen

Endospores:
Gram:
Broth:

no definite spores seen

positive

24 hrs.

Surface growth:

none

Subsurface growth:
Amount of growth:
Sediment:

turbid throughout
medium

none

Facultative
In nitrate medium:
Nitrites formed
Nitrites not reduced
No gas produced
Additional Data:
Liquified milk very slowly
No gas under aerobic conditions in lactose broth
AMC negative
Methyl red negative
Starch hydrolyzed
No growth at 65° C
No growth in glucose broth under anaerobic conditions
pH of glucose broth more than 8 under aerobic conditions
Pseudomonas spp.

(no spore produced) strain 10

Agar Colonies:
Form:

circular to spindle

Surface:

smooth

8«
Margin:

entire

Elevation:
Density:
Size:

flat
opalescent

1 mm. diameter

Cell Morphology:
Vegetative cells:
Form:

rods, .5— ,8 ^j x 2 p

Arrangement:

not in chains

Sporangia:

no swelling

Endospore:

none

Gram:

negative (24 hrs.)

Broth:
Surface growth:

ropy, easily broken pellicle

Subsurface growth:
Amount of growth:
Sediment:

slight to medium turbidity throughout
moderate

slight

Agar slant:
Growth heavy, spreading - cream colored
Facultative
Aerobic growth much better than anaerobic
In nitrate medium:
Nitrite formed
Nitrite not reduced
No gas produced
Additional Data:
All teats negative except growth (produces acids) in
glucose and mannitol with NH3 salts and 0.1% yeast extract
as nitrogen sources.

Isolate 39 - resembles 44a and 44b in morphology and colony type
but negative for citrate and ammonium as sources of carbon and nitrogen.
Growth slower than 44a and 44b in same medium.
Bacillus spp. strain 7
Cell Morphology:
Vegetative cells:
Form:

rods, 0.5— .6 fl x 2.— 3,0|»

Arrangement:
Sporangia:

not in chains, but singly and in pairs
not definitely swollen

Endospores:

none at 24 hours, spores at 48 hours

Shape:

ellipsoid, resemble bipolar staining

Position:

central

Gram negative rods at 24 hours
Broth: 24 hrs., aerobic
Surface growth:

none

Subsurface growth:
Amount of growth:
Sediment:

turbid throughout
moderate

small quantity granular

In nitrate medium:
Nitrite formed
Nitrite not reduced
No gas formed
Additional Data:
No gas produced in lactose broth (aerobic)
AMC negative
MR negative
Starch not hydrolysed
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Grows anaerobically in glucose with pH less than 8
Indole negative
Grows in glucose and mannitol with ammonium sulfate as
nitrogen source and 0.17. yeast extract
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